INTRODUCTION
Acute and chronic placental dysfunction is associated with both short-and long-term neurologic injury and developmental delays. Chronic placental dysfunction most commonly presents with fetal growth restriction (FGR) in utero, when it fails to adequately meet the needs of the developing fetus. 1 With chronic fetal hypoxemia and nutrient deprivation, the fetal cardiovascular system may adapt with preferential shunting of circulating oxygen and nutrients to the developing brain. 2 Initially proposed to be a neuroprotective mechanism for the developing brain, recent evidence suggests that this type of 'brain-sparing' detected by Doppler sonography is also associated with short-and long-term neurologic injury. [3] [4] [5] [6] Nonetheless, delays in brain growth, estimated by standard fetal biometrics, is associated with neurodevelopmental delays, even in the presence of these cardiovascular adaptations. 7, 8 It is hypothesized that placental disease may result in deficient transplacental transport of essential nutrients necessary for adequate brain development and these deficiencies may not be reflected by changes in the fetoplacental circulation. Although placental disease likely precedes fetal brain maldevelopment, the ability to detect placental failure before the onset of FGR remains problematic. Recent evidence suggests that magnetic resonance imaging (MRI) of the placenta offers additional information on qualitative vascular development of the placenta than Doppler analysis alone. 9 Although placental volumetry is associated with birth weight and the detection of small for gestational age (SGA) infants, 10, 11 the relationship between placental volumetry and fetal brain development has not been well studied. The objective of this study was to interrogate placental and fetal brain growth in healthy pregnancies as well as pregnancies complicated by FGR. We hypothesized that fetal brain volume would be reduced in FGR, and related to placental volume.
METHODS Subjects
Subjects were recruited prospectively into a longitudinal, observational study on placental-fetal development throughout the second half of gestation in which MRI was performed up to two time points in the fetal period to acquire data between 18 and 40 weeks of gestation; women recruited in the second trimester were eligible to undergo a second MRI in the third trimester. This report includes data from the first fetal MRI study and clinical data from the immediate postnatal period. The study was approved by the institutional review board of the Children's National Health System (Protocol Number 1732) and written informed consent was obtained from all subjects.
Healthy controls were recruited from community obstetric offices and pregnant volunteers were eligible if medical record review confirmed a normal prenatal history, including screening laboratory and ultrasound studies. Women with pregnancies complicated by FGR were recruited from regional Maternal-Fetal Medicine practices if the following criteria were met: singleton pregnancy with estimated fetal weight o 10th percentile 12 and either (1) abnormal Doppler sonography of the umbilical and/or middle cerebral arteries, specifically an umbilical artery pulsatility index 495% or cerebroplacental ratio o1 or (2) evidence of impaired somatic growth where abdominal circumference lagged head circumference 41 week for expected gestational age (GA). 13, 14 Exclusion criteria for both healthy pregnancies and pregnancies complicated by FGR were multiple-gestation pregnancy, known or suspected congenital infection, dysmorphic features or dysgenetic lesions of the fetus or documented chromosomal abnormalities. These criteria were meant to best identify growth disturbances secondary to placental insufficiency. We also excluded patients with any maternal contraindication to MRI. Enrolled subjects found to have structural abnormalities on fetal MRI or postnatal confirmation of a genetic syndrome were subsequently excluded from the analysis. Healthy controls did not undergo Doppler testing.
Demographic and clinical data
GA was calculated based on first-trimester ultrasound measurement or last menstrual period if unavailable; women with uncertain dates were excluded. Clinical and demographic data were collected for each subject through medical chart review and/or subject questionnaire, including maternal parity, maternal health conditions and medications, fetal gender, GA at delivery, birth weight, length and head circumference. Anthropomorphic measures collected at birth were corrected for GA using the Fenton growth chart calculations. 15 Infants with birth weights o 10th centile for GA were categorized as SGA, and those with birth weights 10 to 90th centile were categorized as appropriate for gestational age using the Fenton growth chart for weight and gender. 16 Placental pathology findings were collected, and trimmed placental weight at delivery were corrected for GA and gender. 17 
Fetal ultrasonography
All pregnancies complicated by FGR underwent complete fetal sonographic assessment of both anatomy and Doppler evaluation as part of the study protocol on the same day as the MRI study using a LOGIQ E9 ultrasound scanner (GE Healthcare, Milwaukee, WI, USA). Abdominal circumference, head circumference, femur length and estimated fetal weight were measured and plotted according to GA. 12 Uterine artery, fetal middle cerebral and umbilical arterial flow velocities were measured using a pulse-wave Doppler, and pulsatility and resistance indices were calculated. The cerebroplacental ratio was calculated by dividing the middle cerebral artery pulsatility index by the umbilical artery pulsatility index. 18 All sonographic studies were reviewed by a single attending radiologist (DB).
Fetal MRI
All MRI scans were performed on a 1.5 T Discovery MR450 scanner (GE Healthcare) using an 8-channel surface receive coil (USAI, Aurora, OH, USA). Single-shot fast spin echo T2-weighted images were performed as follows: for the placenta, fat suppressed with TE (echo time) 160 ms, TR (repetition time), 1100 ms, FOV (field of view) 420 × 420 mm, 4 mm slice thickness and 40 to 60 consecutive slices for full placental coverage in the axial plane. For the fetal brain, TE 160 ms, TR 1100 ms, FOV 320 × 320 mm, 2 mm slice thickness and 40 to 60 consecutive slices for full brain coverage in all 3 orthogonal plans (axial, coronal, sagittal). No contrast or sedation was used for any of the imaging studies. Fetal MRI studies were reviewed by an attending pediatric neuroradiologist who was blinded to FGR case versus control status (GV). Any abnormalities of brain development, maturation or the presence of dysgenetic or acquired brain lesions were documented.
Volumetric MRI analysis
The placenta was manually outlined in all three planes using ITK-SNAP software 19 and the volume was calculated in cm 3 (ref. 20) (Figure 1 ). The fetal brain was reconstructed into three-dimensional (3D) high-resolution images and segmented into parcellated brain volumes using an atlasbased approach, including motion correction, 21, 22 and each automated segmentation was visually inspected and manually corrected by a trained expert. Cerebral, cerebellar and brainstem volumes were calculated in cm 3 , with total brain volume defined as the sum of the previous three volumes.
Statistical analysis
Comparison of demographic and clinical characteristics between cases and controls were performed with t-test analysis. Sample size assessments were completed using PASS 23,24 assuming a 2-tailed type 1 error of P = 0.05; in order to achieve 80% power to detect a moderate difference (0.65 s.d.) between groups, the study would require a sample size of 40 per group. To account for the nonparametric nature of the volumetric measures, median regression analysis was conducted to assess the association between FGR and placental and brain volumes, adjusting for GA at the time of the MRI, and compared with controls. Subgroup analysis was also conducted for abnormal fetal Doppler measures within the FGR group. Logistic regression and median regression analyses were used to determine important associations of in utero MRI volumes with clinical outcomes at birth, including infant size, prematurity and placental pathology after delivery. All analyses were performed using Stata 13. 25 
RESULTS

Characteristics of our cohort
A total of 114 pregnant women were enrolled, 79 healthy controls and 35 with pregnancies complicated by FGR, 16 of whom also had abnormal Doppler studies. Fetal MRI studies were performed at a median GA of 30 weeks (range: 18 2/7 to 39 1/7 weeks). Demographic and diagnostic comparisons are presented by group in Table 1 . In the group of healthy controls, there were no maternal or neonatal complications noted, and all infants were born at term; median birth weight was 3443 g (range 2634 to 4483 g) and mean z-score was 0.1. In the FGR cohort, 7 of the 35 pregnant women were diagnosed with hypertension and/or preeclampsia, although none of the women had other risk factors for FGR, such as diabetes mellitus, renal or autoimmune vascular disease. The median GA at birth for the FGR cohort was 36 completed weeks, although with a notably wider range of 28 to 41 weeks as 29% of the FGR infants were born prematurely. The mean z-score for birth weight was − 1.6, 55% of infants were SGA at birth and 42% of infants had birth weights 410th centile for GA.
Comparison of placental volume in FGR versus healthy fetuses
Placental volume increased with GA for both control and FGR fetuses ( Figure 2 ). Controlling for GA at the time of fetal MRI, the FGR group had significantly smaller median placental volume compared with controls (414.3 vs 581.2 cm 3 , P o0.001; Figure 3 ). The subset of FGR cases with abnormal fetal umbilical artery Doppler studies had lower median placental volumes compared with FGR cases with normal Doppler studies (385.4 vs 485.6 cm 3 , Po 0.03), but placental volume was not associated with maternal uterine artery Doppler studies (P = 0.29), fetal middle cerebral artery Doppler studies (P = 0.56) or the cerebro-placental ratio measured at the time of fetal MRI study (P = 0.84).
Comparison of brain volume in FGR versus healthy fetuses All brain volumes (that is, cerebral, cerebellar, brainstem) increased with GA for both control and FGR fetuses. Controlling for GA at the time of MRI, compared with controls, the FGR group had significantly smaller median cerebral, cerebellar and total brain volumes (P o 0.001 for all) but no significant difference in brainstem volume ( Table 2 ). FGR cases with abnormal fetal umbilical artery Doppler studies had significantly smaller brain volumes compared with FGR cases with normal Doppler studies. Interestingly, brainstem volume was preserved, without significant differences detected among the three groups. Doppler studies of the middle cerebral arteries (middle cerebral artery pulsatility index) in FGR were not associated with volumetric measures of global or regional brain volumes (P = 0.41 to 0.89).
Relationship between placental and fetal brain volumes
Increasing placental volume was associated with increasing total brain volume (P o0.01), cerebral (P o 0.01) and cerebellar volume (P = 0.03) but not associated with brainstem volume (P = 0.79) ( Figure 4 ). The interaction between increasing placental volume and increasing total brain volume was similar for both FGR and controls, but the overall volumes were smaller and thus shifted downward in pregnancies with FGR ( Figure 5 ).
Relationship between fetal brain and placental volumes and neonatal outcomes in FGR Placental volume was not associated with any of the anthropomorphic neonatal measures, including birth weight, head circumference or ponderal index despite controlling for GA (P = 0.49 to 0.64). Our data suggest that total brain volume, cerebral volume and cerebellar volume in the fetal period may be associated with birth weight, controlling for GA at the time of delivery, but did not reach statistical significance (P = 0.07, P = 0.10 and P = 0.08, respectively). Brain volumes were not associated with the other anthropomorphic measures of head circumference or ponderal index. Neither brain nor placental volumes were associated with premature delivery (P = 0.38 and P = 0.80, respectively).
Relationship between in vivo placental volume and placental pathology in FGR Twenty (57%) placentas of the FGR cohort were sent for pathologic examination. Of these, 85% had trimmed placental weights o 3rd centile for GA and gender. 17 Seven (35%) were noted to have thrombi and fibrin deposition, 5 (25%) had evidence of inflammation, 4 (20%) had accelerated villous maturation and 3 (15%) had infarcts. Placental weight and pathologies were equally distributed between FGR pregnancies with and without Doppler abnormalities. Placental volume in the fetal period was significantly associated with placental weight at the time of delivery (P = 0.03).
DISCUSSION
In this prospective study, using quantitative volumetric MRI, we report for the first time that in vivo placental volume is related to global and regional fetal brain volumes in both healthy and growth-restricted fetuses. As expected, placental volume and fetal brain volumes increase with advancing GA. In FGR, placental, total brain, cerebral and cerebellar volumes were significantly smaller than in healthy controls. Pregnancies complicated by FGR with fetal Doppler changes had smaller placental, cerebral and cerebellar volumes compared with pregnancies complicated by FGR without Doppler changes. Brainstem volumes, however, did not differ between FGR groups and controls. Abbreviation: FGR, fetal growth restriction. Median volume of placenta, total brain, cerebrum, cerebellum and brainstem in cm 3 ; significant values are in bold. P-values reflect group differences compared with controls. Figure 4 . The association of placental volume (in cm 3 ) to global (a) and regional (b, c) brain volumes (in cm 3 ) in all pregnancies, adjusted for gestational age at magnetic resonance imaging (MRI). Increasing placental volume was associated with increasing total brain (a), cerebral (b) and cerebellar (c) volumes, but not brainstem (d).
Placental insufficiency is a known, independent risk factor for impaired fetal growth and abnormal neurodevelopment. 7 In order to examine the impact of placental dysfunction on the developing fetus, we investigated the relationship between fetal brain and placental growth in the growth-restricted fetus. Postnatally, growth-restricted and SGA infants are at risk for impaired neurodevelopment compared with infants born appropriate for gestational age. [26] [27] [28] [29] Cognitive and behavioral difficulties persist well into childhood, adolescence and young adulthood for both FGR and SGA survivors. [30] [31] [32] Despite normal intelligence quotient testing in FGR and SGA children, they remain at greater risk for memory and attention deficits. 33, 34 Adverse intrauterine environments are also associated with the development of neuropsychiatric disease later in life, thought in part to be because of neuroendocrine and epigenetic influences that may persist across generations. 35 For example, modifications in serotonin pathways, including placental production of serotonin, are associated with schizophrenia, bipolar disorders and autism spectrum disorders. [36] [37] [38] The neuroendocrine anomalies, oxygen and nutrient transfer deficiencies, inflammation and oxidative stress seen in placental disease all act as potential mechanisms for neurodevelopmental compromise. 39 Yet, direct effects of placental disease on brain development remain difficult to identify.
To date, morphometric differences in brain development have been reported in survivors of FGR and SGA. 30, 40, 41 These differences are evident as early as the immediate neonatal period and persist through adulthood. 30, 40 More recently, fetal imaging just before delivery demonstrates that volumetric differences in the cerebrum, cerebellum and brainstem can be detected in fetuses with FGR at 37 weeks of gestation, and associated with abnormal neurobehavior at birth. 42, 43 However, the onset of these volumetric differences in brain development during the fetal period remains largely unknown.
Several studies have shown that placental volumes are associated with birth weight throughout gestation, as well as the development of FGR. 44, 45 In pregnancies complicated by preeclampsia, placental volume and vascularization indices calculated by 3D sonography are diminished compared with controls. 46 In addition, these in vivo anomalies are associated with significant histopathologic lesions of the placenta detected after delivery, including infarction and calcifications for the smallest placentas, and increased rates of infarction for placentas 450th centile for volume. 46 However, the reproducibility of 3D sonography, along with maternal body habitus and placental insertion site, limit the utility of sonography alone in placental assessment. 45, 47, 48 Adjuvant MR imaging of the placenta has been shown to better predict neonatal outcome than umbilical artery Doppler ultrasound alone in high-risk pregnancies. 9 As in our work, previous MRI analyses of placental volume in pregnancies complicated by FGR have demonstrated reduced placental volume compared with controls. 47, 49, 50 It is noted that there is a wide variability in placental volume for FGR, more so than in controls, that likely reflects the heterogeneous nature of this cohort. Nonetheless, decreased placental volume is associated with adverse neonatal outcomes, including increased fetal or neonatal mortality. 49 Placental vascular pathologies detected by in vivo MRI are associated with significant neurodevelopmental impairment rates. 51 However, there are few studies that study in vivo placental and fetal brain development.
Notably, in our study, we demonstrate that pregnancies complicated by FGR demonstrate markedly decreased placental and brain volumes that can be detected prenatally. The relationship between placental volumes and brain volumes reflects that these volumes increase at a similar rate in both controls and FGR, but that the volumes are shifted downward in FGR; this suggests that the interaction of placental development with brain development is similar for the two groups, but may be compromised in FGR. Only one other study has explored the relationship of placental volume on brain development. 20 Our group has previously shown that fetuses with congenital heart disease also have significantly smaller brain volumes compared with healthy controls, but the relationship between placental volume and brain volume differed between congenital heart disease and controls, suggesting different mechanisms of compromised neurodevelopment. 20 Identifying the mechanisms of placental failure that result in altered neurodevelopment remains difficult to elucidate. Circulatory changes in the maternal-fetal-placental unit have been well described and remain a mainstay of clinical surveillance of fetal well-being. 52 However, we demonstrate significant differences in placental and brain volumes with and without maternal-fetalplacental Doppler changes. In vivo assessment of the fetoplacental unit provides unique opportunities to assess the developing placenta and the real-time effects on fetal brain development. As suggested by previous literature, placental support for the developing fetus includes the transport of critical nutrients needed to support the growing brain, and also performs important synthetic and immune-modulatory functions needed for normal brain development. The ability to interrogate the fetoplacental unit in vivo helps identify early deviations of normal growth and may provide a window of opportunity for future interventions to protect fetal brain development.
Limitations
Our study is powered to detect moderate differences in placental volume between the FGR and control groups, but is less likely to detect smaller differences that may still be clinically meaningful. The post hoc power analysis suggested that at an α-level of 0.05 and 80% power, the study was sufficiently powered to detect relatively large differences in placental volume (1 s.d.) among subgroups of the FGR cohort specifically. Our study cohort of fetuses with FGR represents a heterogeneous group that reflects the difficulties in identifying placental insufficiency in uteronearly 50% of the prospectively enrolled cohort was born appropriate for gestational age, despite the earlier period of growth restriction. The ability to distinguish growth restriction in the non-SGA infant remains difficult to confirm postnatally, just as the ability to distinguish the constitutionally small infant from the pathologically growth-restricted newborn in the SGA group. These distinctions require long-term monitoring for potential neurodevelopmental compromise, which is ongoing. In addition, slightly more than half of FGR subjects had available placental pathology Figure 5 . The total brain volume (in cm 3 ) was smaller in fetal growth restriction (FGR) group compared with controls, but the relationship between placental volume (in cm 3 ) to total brain volume was not statistically different in FGR compared with controls. Healthy control pregnancies are represented by diamonds and FGR by squares.
to confirm placental insufficiency postnatally. Larger studies of placental pathology of both healthy and high-risk pregnancies are warranted to confirm in vivo findings of placental development and histopathologic signs of placental function after delivery.
CONCLUSION
We report that decreased placental volume as well as global and regional brain volumes can be accurately detected in both the second and third trimesters of pregnancy using quantitative MRI in fetuses with and without fetal Doppler changes. In pregnancies complicated by FGR with fetal Doppler changes, placental and brain volumes demonstrated more significant growth delays compared with pregnancies with FGR but without Doppler changes. Despite diminished volumes in FGR, the interaction between placental volume and brain volumes were similar, suggesting a common mechanism between placental development and fetal brain growth in FGR. These studies provide important insight into the real-time impact of placental dysfunction on the developing brain. Future studies of the fetoplacental unit are needed to further elucidate the mechanisms behind intrauterine placental dysfunction and the effects on neurodevelopment.
